Pseudomonas aeruginosa airway infection is the leading cause of morbidity and mortality in cystic fibrosis (CF) patients. Various in vitro models have been developed to study P. aeruginosa pathobiology in the CF lung. In this study we produced a modified artificial-sputum medium (ASMDM) more closely resembling CF sputum than previous models, and extended previous work by using strain PAO1 arrays to examine the global transcription profiles of P. aeruginosa strain UCBPP-PA14 under early exponential-phase and stationary-phase growth. In early exponential phase, 38/39 nutrition-related genes were upregulated in line with data from previous in vitro models using UCBPP-PA14. Additionally, 23 type III secretion system (T3SS) genes, several anaerobic respiration genes and 24 quorum-sensing (QS)-related genes were upregulated in ASMDM, suggesting enhanced virulence factor expression and priming for anaerobic growth and biofilm formation. Under stationary phase growth in ASMDM, macroscopic clumps resembling microcolonies were evident in UCBPP-PA14 and CF strains, and over 40 potentially important genes were differentially expressed relative to stationary-phase growth in Luria broth. Most notably, QS-related and T3SS genes were downregulated in ASMDM, and iron-acquisition and assimilatory nitrate reductase genes were upregulated, simulating the iron-depleted, microaerophilic/anaerobic environment of CF sputum. ASMDM thus appears to be highly suitable for gene expression studies of P. aeruginosa in CF.
INTRODUCTION
Pseudomonas aeruginosa is the major pathogen responsible for lung-function decline and premature death of cystic fibrosis (CF) patients. It grows as free-swimming cells in the early stages of infection in CF lung airway surface liquid, but can progress to form ball-shaped microcolonies or macrocolonies that resemble biofilm form number 2 (bacteria attached together and not to surfaces) (Hassett et al., 2009) within hypoxic mucus zones of the airway lumen (Hassett et al., 2002; Worlitzsch et al., 2002) . Biofilm and planktonic P. aeruginosa forms coexist in longterm infection (Garcia-Medina et al., 2005) .
The use of CF-patient sputum to study the pathobiology and growth characteristics of P. aeruginosa in the CF lung is impractical due to changes in consistency on sterilization, the presence of highly resistant yeasts, patient-to-patient variability and antibiotic use. Sputum provides amino acids as the major carbon source (Sriramulu et al., 2005) ; however, the particular carbon source used dramatically affects biofilm formation (Klausen et al., 2003; Shrout et al., 2006) . Mucin is another important nutrient source and triggers changes in expression, reduces surface motility and enhances biofilm formation (Landry et al., 2006; Sriramulu et al., 2005; Wang et al., 1996) . The concentration of the principal mucins in sputum (MUC5AC and MUC5B) also increases greatly during periods of exacerbation (Henke et al., 2007) . The presence of high-molecular-mass DNA is IP: 54.70.40.11
On: Wed, 26 Jun 2019 04:37:52 important in the formation of mature multicellular biofilm structures (Barken et al., 2008; Beatson et al., 2002; Tetz et al., 2009) .
Various synthetic or semi-synthetic media have been developed in attempts to mimic the CF lung environment. Studies using the reference strain P. aeruginosa UCBPP-PA14 (Rahme et al., 1995) grown in medium containing 10 % (v/v) CF sputum (sputum-containing medium) (Palmer et al., 2005) have shown upregulated expression of branched chain and aromatic amino acid catabolism genes, the Pseudomonas quinolone signal (PQS) molecule and repression of anabolism genes. Subsequently, this group demonstrated upregulation of nutritionally controlled genes in a totally synthetic CF sputum medium (SCFM) (Palmer et al., 2007a) . However, SCFM lacked DNA and mucin, whilst sputum-containing medium contained these components at below CF sputum levels. DNA and mucin also help to form a biological matrix to facilitate P. aeruginosa biofilm formation. Studies using P. aeruginosa strain PAO1 in an artificial medium containing porcine mucin instead of human sputum (ASM + ) showed that amino acids, salt, low iron, lecithin and DNA were necessary for the establishment of the macroscopically visible clumps seen in CF sputum and described as tight microcolonies (Sriramulu et al., 2005) . However, as far as we are aware, there are no published studies of P. aeruginosa gene expression during stationary-phase growth in an artificial CF sputum medium.
We have produced an artificial CF sputum medium (ASMDM) based on modifications of ASM + that avoids the use of CF sputum and contains other components including mucin, albumin and DNA at CF sputum levels, and have extended previous studies by using PAO1 arrays to examine global P. aeruginosa gene expression in early exponential-and stationary-phase growth, mimicking the process of infection in the CF lung.
METHODS
All microarray experiments were performed using P. aeruginosa UCBPP-PA14, the strain used in expression studies in sputumcontaining medium (Palmer et al., 2005) and SCFM (Palmer et al., 2007a) , and sourced from the same research group (Rahme et al., 1995) . For exponential-phase studies, growth protocols were as described for sputum-containing medium with MOPS/glucose medium used as a reference (Palmer et al., 2005) , allowing comparisons of expression data from the two studies. Growth curves were used to determine the OD 600 required for harvest in MOPS/ glucose, exponential-phase ASMDM and Luria broth (LB) (Fig. 1 ). Phenotypic growth studies were carried out using UCBPP-PA14 and two CF isolates, an Australian epidemic strain-1 isolate (AES-1R) and a non-epidemic isolate (34Bris).
Exponential growth for early gene expression
MOPS/glucose medium. A 2 ml volume of MOPS/glucose medium [MOPS buffer: 50 mM MOPS (pH 7.2), 93 mM NH 4 Cl, 43 mM NaCl, 3.7 mM KH 2 PO 4 , 1 mM MgSO 4 and 3.5 M FeSO 4 .7H 2 O, with 6.3 mM glucose] in 5 ml screw-capped bottles was inoculated with culture (final concentration OD 600 50.003 McFarland 0.5 standard; bioMérieux) and incubated with shaking (250 r.p.m.) at 37 uC. Cells were harvested at OD 600 50.15±0.05 at approximately 6 h postinoculation by comparison with growth-curve readings (Fig. 1) , with uninoculated MOPS/glucose used as a blank (Palmer et al., 2005) , and pelleted (5 min, 5000 g, 4 uC), resuspended in 16 PBS, and treated with RNAprotect (Qiagen).
ASMDM. ASMDM contains the following modifications compared with ASM + (Sriramulu et al., 2005) . We added 10 mg BSA ml 21 (Sigma) (not added to ASM + ), as studies have shown that CF patient On: Wed, 26 Jun 2019 04:37:52 sputum has higher albumin concentrations than the sputum of non-CF patients (Sagel et al., 2001) . This is probably due to vascular leakage, which may occur as part of the inflammatory process (Reid et al., 2004) . We increased the concentration of porcine stomach mucin (10 vs 5 mg ml 21 ) to better reflect the findings of Henke et al. (2007) , who identified greatly increased mucin levels during pulmonary exacerbations, and lowered the concentration of herring sperm DNA (1.4 vs 4 mg ml 21 ; Sigma) to bring it closer to that of CF sputum as described by Brandt et al. (1995) . The ingredients were stirred for 5 min, and homogenized to dissolve the mucin and DNA. As ASMDM could not be autoclaved without damage to the mucin, antibiotics (final concentrations: 16 mg tetracycline ml 21 , 1 mg penicillin ml 21 and 1 mg ampicillin ml 21 ; Sigma) were added to inhibit contaminants. The volume was made up to 100 ml with dH 2 O and the pH adjusted to 6.5, the estimated pH of CF airway mucus (Yoon et al., 2006) . A 10 ml volume of ASMDM in 30 ml screwcapped clear glass bottles (e.g. McCartney bottles) with loosened caps to provide adequate aeration was inoculated with a starting culture as for MOPS/glucose (above) and incubated at 37 uC with shaking (250 r.p.m.). Uninoculated ASMDM was used as a blank. Cells were harvested at OD 600 50.15±0.05 at approximately 14 h postinoculation by comparison with the growth curve readings (Fig. 1) . The cells were processed for RNA as above.
Stationary phase growth LB. LB (25 mg ml 21 ; Oxoid) was used as reference medium for stationary-phase planktonic growth, as it has been widely used as a non-specialized growth medium for P. aeruginosa transcriptomics in both CF and non-CF studies (Alvarez-Ortega & Harwood, 2007; Juhas et al., 2005; Schuster et al., 2003; Waite et al., 2005) . Cells were incubated at 37 uC with a loose lid and slow rotation (50 r.p.m.) to circulate nutrients and prevent settling, and harvested at midstationary phase (OD 600 51.1±0.1), approximately 11 h postinoculation, as determined by growth curves (Fig. 1 ).
ASMDM. Overnight cultures were diluted in 16 PBS to an optical density equivalent to a McFarland 0.5 standard (~1610 8 c.f.u. ml 21 ). A volume of 10 ml ASMDM in McCartney bottles was inoculated with 50 ml culture just under the surface of the medium and incubated statically at 37 uC with a loose lid. As it was not possible to determine the OD 600 of the biofilm, we used our observations of growth patterns from 48 to 120 h and chose the 72 h time point as an indicator of the stationary phase. At 72 h, the pellicle and the deep anaerobic growth were harvested and washed five times in PBS on ice. RNA was extracted and cDNA was synthesized, purified, fragmented and labelled as described elsewhere (Manos et al., 2008; Palmer et al., 2005; Schuster et al., 2003) .
Gene expression profiling. DNA fragmentation was assessed by bioanalysis and 7 mg of each suitable sample was used for hybridization in a total volume of 300 ml hybridization mix (Affymetrix); 80 ml of this was loaded into a Test3 array (Affymetrix-100 housekeeping genes) and hybridized at 45 uC for 16 h at 60 r.p.m. to determine cDNA suitability for the full array. Of the remainder, 200 ml was hybridized to the Affymetrix P. aeruginosa PAO1 GeneChip array as described elsewhere (Manos et al., 2008; Palmer et al., 2005) .
Data analysis. Microarrays were performed in biological duplicate for each sample under each condition tested (same isolate with different culture, RNA extraction and microarray) to assess biological variability within cultures. The microarray data were analysed with BIOCONDUCTOR (Gentleman et al., 2004) using the robust multi-array average method (Bolstad et al., 2003; Gautier et al., 2004) for data normalization, incorporating probe level background correction, quantile normalization and linear extraction of a final expression measure for each gene per array. The false discovery rate method (Benjamini & Hochberg, 1995) was controlled to reduce false positives. A positive B-statistic, where the B-statistic is the log odds that a particular gene is differentially expressed (Smyth, 2003) , or a value of P,0.05 was used as a guide for statistically significant differential expression. Additional differentially expressed biologically relevant genes falling just outside these criteria (B,0 or P.0.05) were also included. The microarray data are available on the Gene Expression Omnibus (GEO) website at http://www.ncbi.nlm.nih. gov/projects/geo (series GSE18594).
Microarray validation. Quantitative SYBR Green PCR using Platinum SYBR green qPCR Supermix -no UDG (Invitrogen) and real-time amplification (Rotor-Gene 6000; Qiagen) were performed on cDNA synthesized from RNA used for microarray analysis: six genes (trpA, putA, dadX, oprB, exaB and exoT) were selected from the exponential growth array data and five (aroQ2, aprE, phzD, aprD and pfeA) from the stationary-phase array data. Gene selection was based on differential gene expression and association with nutrition or virulence, and included genes with P.0.05 or B,0. Primers were designed using Oligo6 version 6.67 (Molecular Biology Insights) and obtained from Sigma-Genosys. The genes lpd3 and recA were used as endogenous controls in exponential-and stationary-phase RNA, respectively, because of their uniform expression across arrays.
Microcolony observation. ASMDM (1 ml) containing 0.1 % (w/v) agar, for better visualization of the microcolony structure, was added to the wells of a 24-well polystyrene plate and, after setting, 5 ml diluted culture was inoculated under the surface. Plates were incubated with slow rotation (40 r.p.m.) at 37 uC and the growth monitored for 72 h by visual checking for the formation of clusters of cellular growth (Fig. 2a ). The extent of actively growing cells was ascertained by the addition of 2,3,5-triphenyltetrazolium chloride (final concentration 0.025 % w/v; Sigma) to the medium during preparation. Tetrazolium chloride turns red upon oxidation by living cells and does not affect growth. All experiments were carried out in triplicate and representative results are shown.
RESULTS AND DISCUSSION

Microarray expression levels
Excel files of array data from all biological replicates were checked for the total number of genes showing expression and no expression, to determine replicate consistency. Mean transcript expression levels were 89 % for MOPS/ glucose-grown bacteria, 86 % for LB-grown cells and 88 % for ASMDM-grown organisms (range 82.7-94.2 %). These results are in agreement with other studies (Manos et al., 2009; Wagner et al., 2003) . As a PAO1 array was used, the differentially expressed genes were checked for homologues in UCBPP-PA14 on the Pseudomonas database (http://v2. pseudomonas.com). All genes had homologues in the UCBPP-PA14 genome.
UCBPP-PA14 exponential growth gene expression in ASMDM
Genes differentially expressed ¢2-fold in ASMDM compared with MOPS/glucose medium and in sputumcontaining medium compared with MOPS/glucose medium are shown in Table 1 . Fourteen of the 39 nutrition-controlled genes reported to be upregulated in sputumcontaining medium (Palmer et al., 2005) were also upregulated (B.0 or P,0.05) in ASMDM. Twenty-three of the remaining 24 genes in this group were also upregulated in ASMDM, although below the cut-off values (B,0 and P.0.05; Table 1 and data not shown). The data from SCFM showed similar findings (Palmer et al., 2007a) .
In terms of expression levels, there were a few outliers, such as PA0865 hpd (66-fold vs 2.3-fold) and PA2322 gluconate permease (25.5-fold vs 235.5-fold). This was probably due to compositional differences between the media leading to different metabolic requirements. However, it should be noted that for nutrition-controlled genes most fold differences for both media fell within a similar range (25.5 to 20-fold for sputum-containing medium and 212.3 to 10.8-fold for ASMDM). The early upregulation of nutrition-controlled genes is an important early step in the development of the dense multicellular biofilm-like phenotype seen in the sputum of chronically infected CF patients (Sriramulu et al., 2005) . The upregulation of these key nutrition-related genes suggested that ASMDM provides a very good mimic of the lung environment.
Notable among the other genes differentially expressed in both ASMDM and sputum-containing medium were exaB, encoding cytochrome c550 and part of the exaAB promoter controlling ethanol oxidation, and the virulence-related genes hcnB and oprC (Table 1) . hcnA and phzAB were also upregulated in ASMDM (Table 2) , as predicted by Palmer et al. (2005) for CF sputum. However, 24 quorum-sensing (QS)-related genes, 23 type III secretion system (T3SS) genes and several anaerobic metabolism genes were upregulated in ASMDM but not in sputum-containing medium ( Table 2) . Elevated QS and T3SS gene expression has been well documented in acute infection in vivo and in vitro (Berthelot et al., 2003; Roy-Burman et al., 2001) . Thus, ASMDM may have some advantages over sputumcontaining medium. The upregulation of the T3SS in ASMDM did not reflect a low calcium environment, as calcium concentrations were the same as those in sputumcontaining medium (Palmer et al., 2005) . T3SS upregulation in ASMDM may have been mediated in part by upregulation of QS regulators in conjunction with the downregulation of trpA, which suppresses the T3SS as the bacterium transitions from low-to high-density growth (Lin et al., 2006) . The upregulation of the QS system in exponential growth also promotes biofilm development (Singh et al., 2000) , and thus exponential-phase UCBPP-PA14 in ASMDM is probably primed for biofilm growth.
One of the features of P. aeruginosa growth in CF mucus is its ability to switch to anaerobic or microaerophilic growth. Upregulation of anaerobic metabolism genes involved in nitrate, nitrite and nitrous oxide utilization was seen in exponential-phase growth in ASMDM but in not sputumcontaining medium, suggesting that, even in exponentialphase growth, ASMDM may better mimic the hypoxic or anaerobic environment of the CF lower-airway mucus plugs (Hassett et al., 2002; Worlitzsch et al., 2002) . Furthermore, studies indicate that CF sputum contains sufficient nitrate to support significant anaerobic growth of P. aeruginosa (Palmer et al., 2007b) , and the phenotypic characteristics of growth by CF isolates (Fig. 2b) showed deep widespread anaerobic growth in ASMDM. The upregulation of anaerobic respiration genes including nirJ-nirS, encoding the dissimilatory nitrite reductase and the oxygen-independent dehydrogenase HemN, may have contributed to T3SS upregulation, as nitric oxide produced Iron-related genes, including those involved in pyochelin synthesis (pchDCBA), pyoverdine synthesis (pvdE) and ferric uptake (fptA, tonB), were downregulated in ASMDM but upregulated in sputum-containing medium (Table 2 ) (Palmer et al., 2005) . The downregulation of pyochelin synthesis (pchDCBA), pyoverdine synthesis (pvdE) and ferric uptake genes (fptA, tonB) in exponential growth suggests that ASMDM contains adequate iron for exponential growth, despite the presence of the chelator diethylenetriaminepentaacetic acid. In vivo, P. aeruginosa utilizes ferric enterobactin at the expense of pyochelin and pyoverdine because of its superior iron-chelating ability (Dean et al., 1996) . Thus, the upregulation of pyochelin and pyoverdine synthesis genes seen in sputum-containing medium (Palmer et al., 2005) may reflect the fact that sputum comprised only 10 % of the volume.
UCBPP-PA14 stationary-phase growth and gene expression
Phenotypic characteristics. In 24-well plates, tight microcolony formation similar to that described by Sriramulu et al. (2005) for PAO1 was observed for P. aeruginosa UCBPP-PA14 grown in ASMDM ( Fig. 2a ). By 72 h, the entire wells were red, indicating microcolony growth throughout (not shown). Similar observations were made for both CF isolates -the acute-infection isolates of AES-1R and the non-epidemic strain 34Bris (Fig. 2a) . A CF strain was demonstrated elsewhere to form tight microcolonies in ASM + (Sriramulu et al., 2005) , and this phenotype has now been confirmed here in both the epidemic and non-epidemic CF strains. Growth of AES-1R in McCartney bottles resulted in the formation of a thick pellicle and deep anaerobic growth by 24 h (Fig. 2b) . The deep anaerobic growth of P. aeruginosa was more pronounced for AES-1R than for UCBPP-PA14, suggesting that this CF strain is better adapted to anaerobic growth in ASMDM than the wound isolate UCBPP-PA14.
Gene expression characteristics. Fifty genes were differentially expressed (B.0 or P,0.05) in stationaryphase ASMDM compared with growth in LB (Table 3) . Another 24 genes of known function were differentially expressed but had a B-statistic or P value just below the cut-off. Many QS-associated and T3SS genes were downregulated in ASMDM, including the regulatory gene rhlR, the lasA alkaline protease-encoding gene and phenazine genes (e.g. pyocyanin phzC2, phzD2, phzG2) (Brint & Ohman, 1995; Gupta et al., 2009 ). Whilst we cannot exclude the possibility that the presence of subinhibitory concentrations of antibiotics influenced expression, downregulation of QS-related genes and the T3SS is consistent with chronic infection in the CF lung (Shen et al., 2008) . In vivo, reduced expression of QS-regulated virulence determinants probably reduces inflammation, limiting the robustness of the immune response. The downregulation of the QS regulator rhlR in ASMDM supports the finding by Sriramulu et al. (2005) that it is not required for tight microcolony and hence biofilm formation. Of the structural component genes (algD, pilB and fliC) mutated by Sriramulu et al. (2005) to test the effects on microcolony formation, none was significantly differentially expressed during stationaryphase growth in ASMDM, possibly because they were no longer required once the biofilm had become established.
Conversely, the rhamnolipid regulator rhlG was upregulated in stationary-phase growth in ASMDM, indicating that rhamnolipid production probably facilitates biofilm development and the acquisition of hydrophobic carbon sources (Davey et al., 2003; Lequette & Greenberg, 2005) . Also upregulated were the ferric enterobactin siderophore receptor (pfeA) and transport protein (fepC) and the assimilatory nitrate reductase-encoding genes (nasC and nirD). Upregulation of the siderophore receptor probably reflects the iron-depleted conditions in ASMDM, which in turn mimic those of CF sputum (Sriramulu et al., 2005) . The nirD and nasC genes are in the same operon and form part of the assimilatory nitrate reduction pathway, involving the reduction of nitrate to ammonia. Nitrate utilization is vital for growth and survival in the microaerophilic and anaerobic environment of CF sputum (Schreiber et al., 2007) . We propose to study the utilization of nitrate by creating green fluorescent protein mutants (gfp mutants) nirS-gfp and nasC-gfp and investigating their growth characteristics in ASMDM.
Validation of differential expression data by quantitative RT-PCR (qRT-PCR)
Validation studies using quantitative SYBR green qRT-PCR showed that all 11 genes tested (including those with values of B,0 and P.0.05) were upregulated or downregulated in the same manner as in microarray analysis, and the correlation plot (Fig. 3) yielded a correlation coefficient of R 2 50.7629. 
Conclusions
This study represents what is believed to be the first assessment of global gene expression of a P. aeruginosa strain in an artificial-sputum medium under both exponentialand stationary-phase conditions. Overall, the results showed a switch from upregulation of nutrition-related QS and T3SS genes in early exponential phase to upregulation of iron transport, fimbrial biogenesis and alginate genes, with concomitant downregulation of virulence-related genes and QS regulators in the stationary phase. Upregulated anaerobic gene expression was present in both the early exponential and stationary phases. The differential gene expression patterns in the exponential phase confirmed conclusions drawn from other acute infection in vitro model systems and CF sputum (De Kievit et al., 2001; Manos et al., 2008 Manos et al., , 2009 Palmer et al., 2005) . Gene expression in the stationary phase was consistent with findings in other in vitro models (De Kievit et al., 2001; Sarkisova et al., 2005; Wagner et al., 2003) , whilst the phenotypic growth characteristics compared well with those found in sputum from patients with established infection (Bjarnsholt et al., 2009) . Therefore, ASMDM provides a physiologically relevant picture of P. aeruginosa growth in CF sputum. However, UCBPP-PA14 is a wound-derived isolate, with probable differences in its gene expression pattern compared with CF isolates. Furthermore, component concentrations in ASMDM may have to be adjusted to account for variations in patients' CF sputum based on their disease stage. Nevertheless, the results obtained herein are a valid starting point for further studies of the pathobiology of P. aeruginosa in the CF lung and for investigations of how individual components of ASMDM affect gene expression in both CF and non-CF isolates.
